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ABSTRACT

Advances in transient collisionalvay lasers have been demonstrated over the last 5 years as a technique for achieving
tabletop soft xray lasers using 2 10 J of laser pump energy. The high peak brightneghe&de sources operating in the

high output saturation regime, in the range of*010°° ph. mm? mrad” s* (0.1% BW)™, is ideal for many applications
requiring high photon fluence in a single short burst. However, the pump energy required for ttzaskasers is still
relatively high and limits the xxay laser repetition rate to 1 shot every few minutes. Higher repetition rate collisional
schemes have been reported and show some promise for high output in the future. We report a novel technique for
enhancing the coupling efficiency of the laser pump into the gain medium that could lead to enhamageishwersion

with a factor of ten reduction in the drive energy. This has been applied to the collisional excitation schemékier Ni

Mo at 18.9nm andx-ray laser output has been demonstrated. Preliminary results show lasing on a single shot of the
optical laser operating at 10 Hz and with 70 mJ in the short pulse. Such a proposed source would have higher average
brightness, ~1t ph. mm? mrad? s* (0.1% BW) ™, than present bending magnét 8eneration synchrotron sources
operating at the same spectral range.

Keywords: x-ray lasers, brightxay sources, lasggroduced plasmas

1. INTRODUCTION

The major goal of xay laser research has been improvenieefficiency, towards tabkop x-ray lasers I] that may be

used for applications such as picosecond laser interferometry of dense plasmak Figure 1 shows how advances

over the years &ve lead to lower pumping energy requirements and higher repetition rate of the optical pump laser.
When the xray laser was first demonstrated in the mid ‘83§ Kilojoules of optical pump energy were requiteéthe

x-ray laser was produced by transverse pumping where the optical pump beam is focused into a line on a thin foil target
creating a plasma column along which theay laser is amplified with high gain. When the target was irradiated with a
low energypulse a few ns before the main pulse an improvementriaydaser output was observed].[The low energy
pre-pulse forms a preplasma where the main pulse is absorbed more efficiently and reduced densigntgradelad to
reduced refraction and better propagation of thrayxlaser beam. This preulse technique, along with a reduction in the
optical pump pulse duration from ~1ns to ~100 ps, improved efficiency allowing production of satureagdasers

with an optical pump laser of ~16800 J pump energ\b[6]. These saturated-pay lasers operating in the quasi steady
state regime (QSS) have operated with pump energy as low atA0hhje produced-xay laser outputs of a few mJs

[8] and wavelengths down to 5r8n [9]. However, very large, national scale facilgiare still required to produce these
x-ray lasers with the repetition rate limited to a few shots per day (Figure 1).

A further advance came with the development of the chirped pulse amplification (CPA) technique as smaller optical
pump lasers could pragte high irradiance in short pulses. Theay laser produced by transient collisional excitation
(TCE), where a ns prpulse is followed by a short ~is pulse that pumps the population inversion, further reduced the
required pumping power to 10 1(Q]. Saturated operation of theseray lasers has been demonstrated at wavelengths as
low at 7.3nm [L1] and with output pulse durations of 2 pk2. Figure 1 shows the optical pump parameters of the CPA
COMET laser at LLNL, with 5 J pump energy and a repetition rate of once ever 4 minutes a saturatealyRdser at

14.7 nm has been demonstratd@\vith a pulse duration of 2.4- 5 ps [L4]. Due to the short duration of the gain in the

TCE scheme a traveling wave pump, with velodityis required so that each part of the target experigigaen as the

x-ray laser propagates along it.
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Figure 1 Time line of optical lasers pump energy (round symbols) and repetition rate (square symbols) used terpauilagers

A longitudinal pumped xay laser, where the opticalimp beam is focused at high intensity into the end of the plasma
column, is appealing since it allows efficient travelimgve pumping and therefore quopagation with the xay laser

pulse. Saturated outputs have been produced from OFI pumpadiasrs, Pdike Xe at 41.8 nm15] and Nilike Kr at

32.8 nm [16] have been demonstrated. These lasers were pumped with energy < 1 J and a repetition rate of 10 Hz as
shown in Figure 1. A longitudinal pumped Nike Mo x-ray laser at 18.9 nm has also been demonstrédtéd\where a

300 ps prepulse was incident normal to the target creating a preplasma which was then pumaesthdny pulse from

the longitudinal direction. This laser operated with a total pump energy of 150 mJ and produced a highly directional
output but was not saturated. Figure 1 also shows-asyXaser not pumped with an optical laser (so optical driver
erergy is not shown), the tabtep capillary discharge laser operating at 46m, which has produced millijoule level

laser pulses at a repetition rate of several H.[

The transverse and longitudinal pumping both havetétions. In the transverse mode most of the pump energy is
absorbed near the critical surface af"1€m* and not in the active gain region at2@m? electron density required for
many of the midZ x-ray lasers. In this higher density region high dgngjradients exists and refraction limits
propagation of the xay laser. So low laser coupling efficiency is one of the main issues for transverse pumping.
Longitudinal pumped lasers have potentially higher efficiency. However, they must overcome cainisiddrsorption,
refraction, and relativistic sefbcusing of the high intensity short pulse optical pump through the plasma. This reduces
the plasma column length and requires a lower density regime hence limiting to longer waveleagttagers This
paper describes a novel pumping scheme, which will improve the efficiencyray Jasers and has allowed a low pump
power (~150 mJ) high repetition rate (10Hz) optical pump laser to createray laser below 20 nm. This achievement

for 2003 is shown in ure 1 but this result is preliminary, saturation has not been achieved yet and work is currently
under way to measure the gain and GL product.



2. GRAZING INCIDENCE PU MPING

This pumping scheme uses a long prepulse and a short pumping pulse, as inaghgamaverse schemes, but with a
factor of 2x less energy that used for other TCHay lasers 13]. In this case a 200s prepulse is incident on the

target in a line focus creating a pfermed plasma with a tailored detsiprofile. After a certain delay, chosen to
optimize this density profile, the ~1 ps short pulse is incident on the target, also in a line focus, at grazing incidence. An
overhead schematic of the pumping arrangement is shown in

Figure 2. The short pulse beam traverses the density region of interest being simultaneously strongly absorbed and
refracted. However this refraction is of benefit to the pumping as an angle of incidence is chosen such that at a given
electron density the short pulse is refracted exactly into lasing region, and after the turning point has passed it twice,
maximizing the deposition of laser energy within the optimal gain region. The traveling wave is inherent in this scheme
and each sectioaf the short pulse line focus pumps a new section of target as for transverse pumpingrayhkaser

beam propagates along the axis of p@sma column and is strongly amplified. This grazing incidence pumping (GRIP)
which selectively pumps the gaingien is a novel concept and should dramatically improve the efficiency of-laser
pumped xray lasers.

The refraction is used in the GRIP scheme to optimally couple the optical drive beam. Since the absorption in plasma
corona is increasing as 1/sif)(of grazing angleg and refraction gradually turns the rays- » 0, the absorption
efficiency is dramatically increased up to the turning point, where plasma is pumped longitudinally. Also, the density has
maximum at this point thus facilitating absorptibere. The short pulse is then refracted back into the gain region after
experiencing the maximum density of the gain region and is absorbed additionally. The refraction also works to direct
the pumping power precisely into gain region because all rays avigiven initial angle will pass through the same
density at turning point independent of density gradients. RADEX raytracing in Figure 3 shows how refraction of the
pump beam occurs at a given electron density and how the turning of the pump beamtbahk igain region increases

the path length and hence absorption. The density at the turning point is optimized for a partiayalager from

atomic kinetics and refraction of theray signal itself. Given this selected density and the wavelengpuiping laser

the angle of incidence is chosen. For a maximum density within the gain regj@md the critical density 4 for the

optical pump beam the required angle of incidence is obtained ffomm /neo/nec [19]. With a maximum density of

Neo = 1x1C° cm® for the gain region and the critical density for the 80@ optical pump of g.=1.74x1G" cm® the angle
of incidenceg= 13.7. This angle is measured relative to theay laser media axis, not relative the normal, in the
same way the deflection angle of theay laser due to refraction is measured.

200ps
Preformed
1 psGrazing Incidence Pumping /plasma
On-axis
optimum/v x-ray laser
gain region
Target

Figure 2 Schematic of grazing incidence pumping (GRIP) scheme. First-éopmeed plasma is produced, using a 280puls
incident normal to the flat target, generating an optimum gain region. GRIP geometry uses ~1 ps, 800 nm waveleng
strongly heat this region producing efficient-aris xray lasing



Ay eI O ey e CEOTES)

Figure 3 RADEX ray trace of 800 nm pump beam in preformed plasma

Figure 4 shows RADEX modeling carried out for the-INie Mo x-ray laser at 18.9m. The long pulse, 200 ps in
duration, is incident normal to the target with 120 mJ total energy giving an intensity of 15w/6n?. The short

pulse, 4 ps in duration, with 100 mJ total energy gives an on target intensity of8%1én¥. The long pulsereates a
preformed plasma with particular electron density gradients. At 500 ps after the peak of the long pulse an optimum
electron density profile is created with electron densities 0f1BF° cm” in the gain region. The gain region exists
15-30 pm from the target and is shown as the shaded area in Figure 4. Shallow density gradients are present here, which
improve the propagation of theray laser beam. The short pulse is incident at this time. The two cases gfdzng
incidence angle to the tget and normal incidence are compared with the same pump energy. Figure 4 shows that the
laser energy is absorbed within the gain region for grazing incidence pumping compared to at critical density for normal
incidence. There is also a corresponding éase in temperature up to 250 eV within the gain region. Further modeling

of this scheme is described elsewhe26][ This increase in absorption, from&% in the case of normal incidence to

50% for grazing incidence, correspis to an improvement in efficiency where a saturatedyxlaser may be pumped

with an optical laser of reduced pump power and at an increased repetition rate.
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Figure 4 RADEX modeling for Nilike Mo at 18.9 nm of absorbed laser energy for normal araigg incidence pumping with the
gain region shown as the shaded area



3. EXPERIMENTAL SETUP

The JANUSP 800 nm Ti:sapphire laser at LLNL can operate in two modes, high power or high repetition rate. In the
10Hz mode up to 300 mJ before compression is add to generate the two beams. This 10 Hz operation will allow us

to demonstrate a high average brightnegaylaser. In the high power mode 15 J per shot can be produced with the
laser fired every 30 minutes. These high energy shots would allow lasstgprter wavelengths

The experimental arrangement is showifrigure 5 The 300 mJ output of the JANUSP laser firing at 10 Hz is split after

the first laser table, 100 mJ into the long pulse arm, 200 mJ into the cesmréo produce the short pulse. The long
pulse is increased in size then focused using a cylindrical and spherical lens creating a line focus 7 mm x 25 um with the
80 mJ incident on target give an intensity ok1®' W/cn?. The short pulse comes into ttghamber from the
compressor, off a 45mirror onto an on axis parabola tilted to give an incidence angle on targef.oflihe focus 7mm

x 50 um is produced. The on target energy was 70 mJ after losses in the compressor. The compressor was optimized wit
a pulse duration of ~125, giving an intensity of 1.810"* W/cn?. A 4 ps pulse would have given the required intensity

of 5x102W/cn?. The delay between the beams could be adjusted freni000 ps. The target is anrBm long solid

slab of Mo mounteabn a xyz translation stage. The line foci were imaged with an achromatan2gnification onto a
chargecoupled device (CCD). The lens was on a motorized mount so that the overlap of the two beams could be
checked along the entire length of the targeilevinder vacuum. A spectrometer using a 1200 I/mm grat2ig \vas

setup to image the target plane to a b#tkined CCD. Typically 20 shots were taken on a single target position with the
CCD integrating over 2 s. Spectra dd@also be recorded with a single laser shot on target. Aluminum filters{@.Am

thick) were placed in front of the spectrometer to eliminate visible light, with quh3ilter used for most shots. The on

axis parabola was selected as it producedha focus with the required grazing incidence to the target while remaining
inexpensive and simple. The line focus produced by the optic was checked dracayg and found to be of high
quality, as Figure 6 a) shows, within a 8mm long by 25 um slit. Av¢tang wave was also achieved with a velocity

along the target of 0.940.98c for 10— 20° angle of incidence as shown in Figure 6 b)
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Figure 5 Experimental setup
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Figure 6 On axis parabola parametexfline focus produced anl) traveling wave velocity




4. RESULTS
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Figure 7 Electron density profiles measured byay laser interferometry of Mo target irradiated with a 600 ps pulse at an intensity of
1x10" W/en? a) 2-D density profile 500 ps after the peak of the putddineout of density profile throuycenter at different times

X-ray laser interferometry with a setup as in [2] was used to confirm the density profile for Mo targets irradiated under
similar conditions to the modeling as described above. Interferometry of a 1 mm long Mo targetédadiatline focus
geometry with a 600 ps pulse at intensity of 1X10/cn was carried out. The resulting2 map of the electron density

profile is shown in Figure 7 a). Shots were taken probing at different times after the peak of the pulse. The lineou
through the center of the density profile for each of these is shown in Figure 7 b) oututm @@m the target. Close to

the target the density profile does not appear to change much with time, but further from the target the plasma is
expanding withime. The lineout for 500 ps shows a density profile similar to that produced in modeling, with a density
of 10%° cm® 20 pm from the target. Though the irradiation conditions are slightly different, using the longer 600 ps laser
pulse, this gives some cadénce in the conditions within the gain region that might be achieved.
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Figure 8 a) Soft x-ray spectrum from flafield spectrometer for a single shot on Mo showing strong lasing atrir@.and b) CCD
image over the same wavelength range in the veréindlshowing angular divergence in the horizontal direction



The recorded spectrum for a single shot onrliké Mo is shown in Figure 8 with the lineout taken through the peak of

the xray laser. The spectrum was calibrated using the grating dispersidiomelar this experimental setu2f]. The

first experiments with the setup described above showed no lasing, bikedines were identified in the spectrad].
However the experiment has been repeated and when the line focus length of both beams was reduced, tand4

with this an improvement in the line focus quality and a reduced width, lasing was observed. These are preliminary
results, with no optimizatiorhut the lasing line at 18.9 nm is seen to completely dominate the spectrum in Figure 8.
This was achieved with 70 mJ in the short pulse with a pulse duration of 1.5 ps.

5. CONCLUSIONS

A new grazing incidence pumping scheme (GRIP) with increased efficialtwllow lower pump energy and high
repetition rate of the optical pump beam. This new scheme has been described and modelidkéoMWdiat 18.9 nm
presented. The experiment setup with grazing incidence pumping has already been already achiesétharas been
observed. Working from this initial observation we will characterize this laser, measure the gain and hopefully achieve
saturation. The peak brightness could be as high as 23 . mm? mrad?s ™ (0.1% BW)™] with average brightnes

at 10 Hz repetition rate expected to be 2.5%10

Pumping xray lasers with an optical pulse at other than perpendicular or axial angles has been reported in other work.
Tommasiniet al used a 150 fs, 300 mJ pump beam at an angle 9886 observed Nike Mo lines [23]. However this

angle was chosen primarily to produce the traveling wave. The ghaotpation pumped Xe Il laser at 109 nm has been
pumped with only 150 mJ in a grazifigcidence geometry2ft This scheme was also chosen to create traveling wave
pumping but by modifying the target surface the angle of incidence on target was changed to near normal. We present
the GRIP scheme as a novel idea since the grazing incidence anglesisnchpecifically to improve coupling of the

optical pump and hence the efficiency of theay laser.

The major goal of this research was to produce a saturatag taser under 20 nm with less than 250 mJ optical pump
showing the improvement in effiehcy that can be achieved with grazing incidence pumping (GRIP). Oncertde x
laser has been characterized a béam will be setup for applications, which may include a number of areas including
transient plasma interferometry as well as imaging andrescopy that would utilize this high average brightness
source. Of particular interest would be the demonstration of a shorter wavelength XRL using this novel, high efficiency
pumping geometry.
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